Radiolabeled 15-f.Lm microspheres were used to examine alterations in regional CBF and cerebrovas
cular resistance in response to changes in arterial Peo2• Flow measurements were obtained before and 1-3 and 24 h after 12 min of total cerebral ischemia. Striking sen sitivity of blood flow in all areas of the central nervous system was shown to changes in arterial Peo2 between 24 and 50 mm Hg during the control nonischemic period. Following 12 min of total cerebral ischemia, cerebrovas cular resistance increased, producing a decrease in re gional blood flow when the important controlling vari ables for CBF were held constant. One to 3 h after total cerebral ischemia, the effect of variations in arterial Peo2
Arterial Pco 2 is a potent regulator of cerebrovas cular tone. CBF increases in response to hyper carbia and conversely decreases in response to hy pocarbia, in both laboratory animals (Wolff and Lennox, 1930; Harper and Glass, 1965) and humans (Patterson et aI., 1955; Severinghaus and Lassen, 1967) . The vasodilatory effect of hypercarbia ap pears to be related to arterial Pco 2 itself, rather than to associated changes in arterial pH. Changes in arterial Pco 2 and hence cerebral extracellular PC0 2 and pH are reflected in the cerebrospinal fluid with a minimal delay or "lag time." Pial vessel diameter and CBF begin to respond to arterial hypercarbia within 20-30 s. Changes in cerebral extracellular pH may be the major determinant through which changes in arterial Pco 2 and, to a lesser extent, P0 2 affect cerebrovascular resistance (Robin et aI., 1958; Betz, 1972) . Changes in concentration of hy drogen and potassium ions and bivalent cations on cerebral blood flow was almost completely abolished. Within 24 h after total cerebral ischemia, the sensitivity of CBF to changes in Peo2 was almost completely re stored, whereas the secondary severe neurologic deficit remained. Therapeutic interventions following global ce rebral ischemia, designed to ameliorate the "no-reflow" phenomenon and minimize residual ischemic neurologic damage, must take into account this marked early post ischemic reduction in sensitivity to normally potent cere brovasodilatory influences. Key Words: Arterial Peo2-Cerebral blood flow-Cerebral microcirculation-Cere brovascular resistance-Total cerebral ischemia.
(Ca 2 + and Mg 2 +) in the wall of the muscular cere bral resistance vessels (Betz, 1972; Leniger-Follert et aI., 1978) and vasomotor (sympathetic) innerva tion of the cerebral resistance vessels (James et aI., 1969; Lee et aI., 1978) may also contribute to au toregulation of cerebrovascular resistance. The var ious contributions of all of these regulators of ce rebrovascular tone may be pertinent to alterations in cerebral microcirculation following global brain damage. Of these, the primary role of arterial Pco 2 in the regulation of cerebrovascular resistance is broadly accepted, but its contribution to vascular tone in states of "dysregulation" has not been elu cidated.
Cerebrovascular autoregulation may be deranged following severe global cerebral ischemia. The re sponsiveness of cerebrovascular tone to changes in arterial Pco 2 appears to be decreased during hy potension (Harper and Glass, 1965) and following a cerebral ischemic event (Nemoto et aI., 1975) . CNS damage observed following cardiopulmonary arrest reflects not only the primary ischemic neuronal damage sustained during total cerebral ischemia, but also derangements in cerebral microcirculation seen following reestablishment of perfusion pres-sure-the "no-reflow" (Ames et aI., 1968) or im paired reperfusion phenomenon (Steen et aI., 1978; Jackson et ai., 1981) . Hypocarbia is commonly em ployed empirically as a therapeutic maneuver to re duce the risk of cerebral edema following a global cerebral ischemic event by reducing CBF (Brock et aI., 1970; Meyer et aI., 1972) . On the other hand, one could postulate that interference with postisch emic vascular constriction by a potent cerebral va sodilator (hypercarbia) could alter ultimate neuro logic outcome by interfering with postischemic hy poperfusion.
The influence of arterial Pco2 on regional CBF (rCBF) following global cerebral ischemia was ex amined using a model system designed to produce total cerebral ischemia in a relatively noninvasive fashion (Jackson and Dole, 1979) . It has been dem onstrated that this model produces severe, predict able, persistent neurologic deficit in all surviving animals. Using radioactive microspheres for CBF determination, significant reductions in rCBF from increased cerebrovascular resistance are observed within 1 h following the ischemic event when arte rial Pco2 is maintained at 32 ± 1 mm Hg (Jackson et ai., 1981) . This increased cerebrovascular resis tance may contribute to further neurologic damage after cerebral perfusion is reestablished. The reduc tion in rCBF after cerebral reperfusion is maximal and relatively stable 1-3 h following global isch emia. The effects of variations in arterial Pco2 on CBF were examined in the preischemic control state, during this maximal post ischemic no-reflow period, and 24 h after the ischemic event.
METHODS

Total cerebral ischemia
Seventeen adult mongrel dogs weighing between 14 and 18 kg were subjected to 12 min of total cerebral isch emia using the double-occlusion balloon technique (Jackson and Dole, 1979) . The animals were lightly anes thetized with sodium thiopental (20 mg kg-' i. v. as in duction dose). Light surgical anesthesia was maintained using additional doses (1 mg kg-I) as necessary until ini tiation of total cerebral ischemia. The animals were in tubated and placed on a volume-cycle respirator (model 607, Harvard Apparatus). Six-lead electrocardiogram, one-channel trans parietal electroencephalogram, pulmo nary artery pressure, central venous pressure, pulmonary capillary wedge pressure, and arterial pressures were re corded on a six-channel recorder (model 2600. Gould Brush). Cardiac output was measured using both ther modilution technique and microsphere methods. To tal cerebral ischemia was induced using two Fogarty occlu sion balloons ( Fig. 1 ; model 8-22F, 43 mm diameter; Edwards Laboratories). The first balloon was inflated in the proximal inferior vena cava, diminishing venous re turn to the heart while not impeding cerebral venous drainage. The second balloon was positioned and inflated J Cereb Blood Flow Metabol, Vol. 4, No. 3, 1984 in the aortic arch, obstructing blood flow through the bra chiocephalic and left subclavian arteries and to all points distal to the balloon. After proper positioning, the bal loons were inflated for 12 min, then rapidly deflated and withdrawn from the intravascular space. This model pro duces total cerebral ischemia in a relatively noninvasive manner, while minimizing damage to the cardiopulmo nary system. reBF rCBF was measured by the radioactive microsphere technique (Jackson et aI. , 198 1; Dole et aI. , 1982) . Fif teen-micron carbonized microspheres were radioactively labeled with one of six 'Y-emitting isotopes elCr, 141Ce, 85Sr, 95Nb, 46SC, 113Sn; 3-M Company). Five isotopes were utilized in each experiment, with either 113Sn or 51Cr as the fifth isotope. Blood flow measurements were deter mined at each of five selected points in each experiment.
Animals were killed with intravenous saturated KCI, and the brain fixed in 10% formalin. After more than 48 h of fixation, the brain was split into left and right halves and divided into frontal, parietal, occipital, anterotem poral, and posterotemporal lobes. The white matter was carefully separated from the gray matter for each lobe of the cortex and placed in a preweighed counting vial. The right and left diencephalon, internal capsule, cerebellum, midbrain, pons, and medulla were weighed in separate vials. Calculation of the number of microspheres with each isotope label in each tissue sample by weight was based on quantitation of radioactivity in each of five pri mary energy channels on a 'Y-spectrometer. Computer analysis of these data generated blood flow in ml g-I min -I for each tissue sample for each isotope injection.
Variations in arterial blood gases
Arterial Peoz was varied by changing respirator set tings. Peo" values were confirmed before and after each microsphe r e injection (model 113, Instrumentation Lab oratories). Peo" values were stable for at least 10 min prior to each i n jection. rCBF was examined at arterial Peo" levels of 24 ± 2, 32 ± 2, 40 ± 2, and 50 ± 2 mm Hg b efore and after total cerebral ischemia. In five ani mals, rCBF was measured at the same values of arterial Peoz (24 and 50 mm Hg) both preand post-total cerebral ischemia (during the period of maximal no-reflow). Thus, each of these experiments served as its own control. As only five individual blood flow measurements could be obtained in each experiment, rCBF was studied at dif ferent levels of Peo) both before and after total cerebral ischemia (during th e period of maximal no-reflow) in six animals. In two control animals, rCBF in response to variation in Peoz was studied at the four different Peoz values in the preischemic state. In five animals, blood flows at both low and high Peo" levels were obtained preischemia and 24 h postischem l a. Active resistance to the respirator during hypercarbia (Peoz = 50 mm Hg) necessitated the administration of gallamine triethiodide (Flaxedil) to induce brief neuromuscular blockade. In five control dogs, rCBF for gray and white matter was mea sured before and 5 min after the administration of gal lamine triethiodide (I mg kg -I i. v. ) in dogs lightly anes thetized with thiopental (Peoz = 32 ± 2 mm Hg). There was no statistically significant difference preversus post gallamine administration for either gray matter (pre = 54 ± 4 ml 100 g-I min-I vs. post = 51 ± 3 ml 100 g-I SVC:
IV C: min -1) or white matter (pre = 32 ::': 2 ml 100 g -1 min-I vs. post = 30 ::': 2 ml 100 g-I min-I).
Arterial P02 was maintained at >80 mm Hg throughout each experiment, with supplemental oxygen given during the 12 min of ischemia and immediately after the total cerebral ischemia period. Arterial pH was main tained within a range of 7. 3-7.5, utilizing supplemental bicarbonate as necessary during the period of respiratory acidosis. The animals that were studied 24 h after total cerebral ischemia were supported by standard neurologic and critical care nursing procedures for that 24-h period. No barbiturate was administered to the animals following total cerebral ischemia, and no barbiturate was adminis tered within 15 min of any microsphere rCBF measure ment during the preischemic period.
Statistics
Statistical analysis of blood flow measurements ob tained at different arterial Peo2 levels was performed using two techniques. Blood flows at each single Peo2 prior to and following total cerebral ischemia in each tissue were compared using one-way analysis of variance. The slopes of the two lines generated by plotting the rCBF value for a given tissue at each Peo2, both prior to and following total cerebral ischemia, were compared using regression analysis.
RESULTS
No statistically significant differences in mean ar terial blood pressure, cardiac output, or "total body blood flow" [cardiac output normalized for the in dividual animal's weight (ml g-I min-I)] were noted at the various arterial Pco2 values in the pre ischemic period (Table 1) . Similarly, no differences in these variables were noted at the different Pco2 levels after total cerebral ischemia. There was a small but statistically significant decrease in arterial blood pressure when pre and post values for total cerebral ischemia were compared. Cardiac output and total body blood flow were also reduced after total cerebral ischemia.
Sensitivity of rCBF preischemia
Using microsphere techniques, we have extended previous reports on the sensitivity of rCBF to changes in arterial Pco2. Increases in flow of 7.0, 7.7,4.6, and 3.0 ml 100 g-l min-1 mm Hg PC02-1 were observed for brainstem, cortical gray matter, cerebellum, and cortical white matter, respectively, over the Pco2 range of 24-50 mm Hg. These mea surements represent changes on the magnitude of nine-, seven-, six-, and fourfold increases, respec tively, in blood flow . Since these in creases in rCBF with increasing Pco2 occur when cardiac output, total body blood flow, and systemic vascular resistance are relatively unchanged, it can be inferred that the increases in rCBF reflect sig nificant local decreases in regional cerebrovascular resistance.
Although stepwise sequential increases in blood flow with sequential increases in Pco2 were dem- onstrated, the relationship of rCBF to arterial Peo2 was not linear throughout the Peo2 range of 24-50 mm Hg. Less change in blood flow per mm Hg Peo2 change appeared in the Peoz range of 24-32 than of32-50 mm Hg. Increases in flow of 8. 9, 10.3, 5.5, and 3.9 ml 100 g-I min-I mm Hg Peo2 -I were ob served for brainstem, cortical gray matter, cere bellum, and cortical white matter, respectively, over the range of higher values of Peo2. Regional blood flow measured at a Peo2 of 40 mm Hg, both before and after total cerebral ischemia, in several different animals fell on the described slope in the range of 32-50 mm Hg.
Sensitivity of rCBF postischemia rCBF at the different levels of arterial Peo2 was examined between 1 and 3 h after total cerebral ischemia, a period of maximal, stable cerebral va soconstriction. The slope of the curve describing cerebrovascular sensitivity to Peoz in all regions of the CNS in the postischemic period was essentially flat . The response of the regional cere- bral resistance vessels to changes in arterial Peoz was blunted in the postischemic period in all ani mals, though a small increase in rCBF with hyper carbia was seen in all structures in two animals.
U sing both one-way analysis of variance and regression analysis techniques, there was a statis tically significant decrease in the sensitivity of post ischemic rCBF to changes in Peo2 from 24 to 50 mm Hg in all structures studied. The Peo2 flow data were also analyzed by ad justing the observed mean blood flow for each tissue at a given Peo2 for the mean cardiac output observed at that Peo2, both before and after total cerebral ischemia. Prior to total cerebral ischemia, hypercarbia caused a redistribution of cardiac output, preferentially to the CNS. The sensitivity of cerebrovascular resistance to changes in Peoz was markedly blunted during the period of maximal no-reflow following ischemia, and redistribution of cardiac output to the CNS with hypercarbia did not occur.
rCBF at both high and low Peo2 levels was also 2.8 and 50 mm Hg before and 1 h after 12 min of total cerebral ischemia (TCI) (n = 10 animals, 5 flow measurements/an imal).
examined in five animals during the control period and 24 h after total cerebral ischemia. Each animal demonstrated normalization of CBF and return of CBF sensitivity to changes in Peo2• This was seen in all regions of the brain that were studied. In these animals, the baseline CBF at a Peo2 level of 32 ± 2 mm Hg was 90 ± 6% (± SE) (gray matter), 94 ± 5% (white matter), 132 ± 8% (cerebellum), and 106 ± 4% (brainstem) of control value at the same Peo2. At 24 h after total cerebral ischemia, respon sivity to changes in Peo2 had returned to 86 ± 10% (gray matter), 90 ± 6% (white matter), 112 ± 12% (cerebellum), and 96 ± 10% (brainstem) of control.
DISCUSSION
Our understanding of the physioiogic mecha nisms operative in the autoregulatory control of the regional cerebral microcirculation is incomplete. Study of the microcirculation of the CNS at the level of the small resistance vessels (15-100 j-Lm) is possible in vivo employing the microsphere tech nique for the measurement of rCBF. The use of this technique in vivo introduces many variables that must be controlled or considered as the data are evaluated. Even with close control of the major variables, the cellular mechanisms underlying changes in vascular resistance related to changes in Peo2 cannot be determined. We have confirmed and expanded upon the previously reported sensitivity of rCBF and regional cerebral vascular resistance to changes in arterial Peo2 in the normal brain.
These observations are consistent with observa tions made using many techniques for rCBF mea surement (Patterson et aI., 1955; Harper and Glass, 1965) . Reivich (1964) described an overall total in crease in CNS flow of 1. 1 ml 100 g-I min -I mm Hg Peo2 -lover a range of 10-418 mm Hg. Hernandez et al. (1978) demonstrated a total increase in CBF of 4.9 mll00 g-I min-I mm Hg Peo2 -\ over a range of 25-62 mm Hg.
Our data suggest an even higher sensitivity of ce rebrovascular tone to alterations in arterial Peo2 than previously reported. The microsphere tech nique as a particle method limits the number of ob servations that can be made in a given experiment. However, the microsphere method permits a more precise determination of the regional distribution of CBF than the techniques used by other investiga tors. This measurement is accurate even in tissues weighing as little as 1 g, permitting evaluation of rCBF to very small areas of the brain (Dole et a!., 1982) . Jackson et al. (1974) examined rCBF in non ischemic dogs at different arterial Peo2 levels using the microsphere method, without maintaining a physiologic pH. Approximating rCBF changes in response to Peo2 variation from their bar graphs, their data demonstrated a 1-2, a 3-4, and a 7-10 ml 100 g -I min -1 mm Hg Peo2 -I increase in rCBF for the pons, cerebellum, and "cerebrum," respec tively, with increasing Peo2 over a range from 35 to 52 mm Hg. Although these observations were made under less rigorous conditions and examined the larger brain structures, they are nonetheless con sistent with our data. The use of various drugs, par ticularly anesthetic agents, in the different proto cols for measurement of cerebrovascular sensitivity to arterial Peo2 changes may also affect these mea surements.
As arterial pH, Po2, and systemic blood pressure were not significantly altered at the various Peo2 values in our experiments, the observed alterations in regional cerebral microcirculation were not re lated to hemodynamic variables. Cerebral perfusion pressure (i.e., mean arterial pressure minus intra cranial pressure) was theoretically greatest at the low Peo2 values. Despite the reported increases in cerebral blood volume and hence intracranial pres sure with hypercarbic Peo2 values (Brock et aI., 1970; Meyer et aI., 1972) , rCBF was markedly in creased preischemia but unchanged postischemia with hypercarbia. Previously described studies with this model (Jackson and Dole, 1979) reported that there is no increase in intracranial pressure for at least 3 h after total cerebral ischemia when Peo2 is held constant. Snyder et ai. (1975) noted no post ischemic increase in intracranial pressure for at least 10 h in dogs SUbjected to cross-clamping of the aorta and vena cavae for 15 min. Changes in intra cranial pressure cannot account for the observed change in cerebrovascular sensitivity.
The marked increase in cerebrovascular resis tance and the decrease in rCBF in the postischemic period are not overcome by inducing hypercarbia. Our laboratory has also reported data showing that the cerebral vasodilatation noted with administra tion of sodium nitroprusside in control dogs under light thiopental anesthesia is also markedly blunted following total cerebral ischemia (Koch et al., 1979) .
Thus, it appears that the impaired reperfusion phenomenon represents a diffuse increase in cere brovascular resistance at the arteriolar resistance vessel level in the post ischemic state. Extremely potent cerebral vasodilators are not effective during the period of maximal vascular resistance. The mechanisms responsible for this effect are un known. An improved understanding of the impact of global ischemia upon the autoregulatory mecha nisms controlling vascular resistance in the cere brovascular bed may allow the development of more effective therapeutic approaches to ameliorate postischemic hypoperfusion, as well as minimize residual neurologic deficit following prolonged global cerebral ischemia. The administration of di rect-acting cerebrovasodilators or calcium iono phore antagonists (Allen, 1977; Jackson et aI., 1982; Steen et aI., 1983) may have an application in this setting.
In the clinical setting following cardiac arrest, hy pocarbia with a Peo2 in the 30-35 mm Hg range is commonly employed to minimize intracranial pres sure and optimize systemic pH. In the undamaged brain, the decrease in rCBF observed in the pres ence of hypocarbia is the direct result of resistance vessel constriction. The data in this article docu menting the relative lack of sensitivity of rCBF to alterations in arterial Peo2 in the brain damaged by total cerebral ischemia suggest that hyperventila- Vol. 4, No.3, 1984 tion in the first few hours following cardiac arrest may not be of any significant benefit, except, for example, as necessary to compensate for an intract able metabolic acidosis. Other investigators have noted no improvement in human mortality rates fol lowing focal ischemic encephalopathy when hyper ventilation is employed. Further, hyperventilation and hypocarbia have not been shown to improve neurologic outcome in focal ischemia models (Ya maguchi et aI., 1972) . However, our data can be extended only to the clinical management issues surrounding the treatment of global cerebral isch emia; they cannot be applied to any assessment of hyperventilation in focal cerebral ischemia. The use of the hyperventilation technique in survivors of cardiac arrest has not been prospectively studied in the clinical setting. This therapeutic modality is par ticularly questionable in view of the potentially det rimental effects of hyperventilation upon cerebral energy metabolism reported by Hernandez et al. (1978) .
In clinical studies following cardiac arrest, signs of increased intracranial pressure are not usually observed until at least 24 h after the ischemic epi sode (Michenfelder and Milde, 1977) . The return of the response of CBF to changes in Peo2 seen 24 h after total cerebral ischemia documented in this study is associated with a return of baseline CBF to near-normal levels. These data suggest that re covery in cerebrovascular blood flow control mech anisms occurs within 24 h following total cerebral ischemia. This may correlate with the observation that the anoxia-damaged brain appears to be pro tected from cerebral edema for at least 24 h after the event. The return of cerebrovascular CO2 re sponsivity is associated temporally with the devel opment of cerebral edema after total cerebral isch emia. If this period of maximal cerebrovascular re sistance decreases or delays cerebral edema after total cerebral ischemia (a testable hypothesis), ef forts to prevent or ameliorate the period of in creased cerebral vascular resistance might lead to earlier cerebral edema and worsened neurologic deficit. This hypothesis can be evaluated by exper iments that attempt to normalize rCBF during the first 6 h after total cerebral ischemia by the admin istration of various drugs, Using one or more chronic models of total cerebral ischemia systems and various pharmacological agents, the relation ship of rCBF after total cerebral ischemia and ul timate neurological outcome could be assessed. In this way, the question of whether hypoperfusion after total cerebral ischemia contributes to a con tinuing ischemic insult or is a secondary, possibly "protective" phenomenon could be assessed.
Given the Pco2 unresponsiveness noted after global ischemia, it may be less important than previously believed to maintain moderate hypocarbia until after the initial 24 h of survival.
